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FIELD OF THE INVENTION 
This invention relates to polynucleotide molecules encoding cellulose 
synthase, promoters of cellulose synthase and cellulose synthase polypeptides, methods for 
genetically altering cellulose and lignin biosynthesis, and methods for improving strength 
properties of juvenile wood and fiber in trees. The invention further relates to methods for 
identifying regulatory elements in a cellulose synthase promoter and transcription factors 
that bind to such regulatory elements, and to methods for augmenting expression of 
polynucleotides operably linked to a cellulose synthase promoter. 

BACKGROUND OF THE INVENTION 
Lignin and cellulose are the two major building blocks of plant cell walls 
that provide mechanical strength and rigidity. In plants, and especially in trees, these two 
organic materials exist in a dynamic equilibrium conferring mechanical strength, water 
transporUng ability and protection from biolic and abiotic environmental stresses. 
Normally, oven-dry wood contains 30 to 50% cellulose, 20 to 30% lignin and 20 to 30% 
hemicellulose (Higuchi, 1997). 

Proportions of lignin and cellulose are known to change with variation in 
the natural environment. For example, during the development of compression wood in 
conifers, the percentage of lignin increases from 30 to 40 %, and cellulose content 
proportionally decreases from 40 to 30% (Timmell, 1986). Conversely, in angiosperm 
tension wood the percentage of cellulose increases from 30 to 40%, while lignin content 
decreases from 30 to 20% (Timmell, 1986). 

It was recently discovered that the genetic down-regulation of a key tissue- 
specific enzyme from the lignin biosynthesis pathway, 4CL, results in reduction of lignin 
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content by up to 45% m transgenic aspen trees (Hu al, 1999). Th>s down-regulat.on is 
also associated with a 15% increase in the cellulose content. If the converse were true, ue., 
that increasing cellulose content by genetic up-regulat,on of cellulose biosynthesis results 
in reduction of lignin content, then the pulp yield could be increased. This would allow 

5 tremendous savings in chemical and energy costs during pulping because, for example, 
lignin must be degraded and removed dunng the pulping process. 

Cellulose is a linear glucan consisting of P-D-l,4-linked glucose residues. 
It is formed by a cellulose synthase enzyme which catalyzes assembly of UDP-glucose 
units in plasma membrane complexes known as "particle rosettes" (Delmer and Amor, 

10 1995) Cellulose synthase is thought to be anchored to the membrane by eight 
transmembrane binding domains to form the basis of the cellulose biosynthesis machinery 

in the plant cell wall (Pear et al, 1996). 

In higher plants, the glucan chains in cellulose microfibrils of primary and 
secondary cell walll are different in their degree of polymerization (Brown et al, 1996). 
15 For example, secondary cell walls are known to contain cellulose having a high degree of 
polymerization, while in primary cell walls the degree of polymerization is lower. In 
another example, woody cell walls suffenng from tension stress produce tension wood on 
the upper side of a bent angiosperm tree in response to the stress. In these cells, there are 
elevated quantities of cellulose which have very high crystallinity. The formation of 
20 highly crystalline cellulose is important to obtain a higher tensile strength of the wood 
fiber Woody cell walls located at the under side of the same stem experience a 
compression stress, but do not produce highly crystalline cellulose. Such vanation ,n the 
degree of polymerization in cell walls during development is believed to be due to 
different types of cellulose synthases for organizing glucose units into different 
25 paracrystalline arrays (Haigler and Blanton, 1996). Therefore, it would be advantageous 
to determine the molecular basis for the synthesis of highly crystalline cellulose so that 
higher yields of wood pulp having superior strength properties can be obtained from 
transgenic trees. Production of highly crystalline cellulose in transgenic trees would also 
markedly improve the mechanical strength properties of juvenile wood formed in normal 
30 trees. This would be a great benefit to the industry because juvenile wood is generally 
undesirable for solid wood applications because it has inferior mechanical properties. 

Since the deposition of cellulose and lignin in trees is regulated in a 
compensatory fashion, genetic augmentation of cellulose biosynthesis might have a 
repressive effect on lignin deposition. Since the degree of polymerization and crystallinity 
35 may depend upon the type of cellulose synthase incorporated in the cellulose biosynthesis 
machinery, the expression of heterologous cellulose synthase or a UDP-glucose binding 
region thereof {e.g., sweetgum protein expression in loblolly pine), could increase the 
quality of cellulose in transgenic plants. Over-expression of a heterologous cellulose 
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synthase may also increase cellulose quantity in transgenic plants. Thus, genetic 
engineenng of cellulose biosynthesis can provide a strategy to augment cellulose quality 
and quantity, while reducing lignin content in transgenic plants. 

A better understanding of the biochemical processes that lead to wood 
5 fonnation would enable the pulp and paper mdustnes to more effectively use genetic 
engineenng as a tool to meet the increasing demands for wood from a decreasing 
production area. With this objective, many xylem-specific genes, including most ligmn 
biosynthesis genes, have been isolated from developing xylem tissues of various plants 
including tree species (Ye and Vamer, 1993; Fukuda, 1996; Whetten ./., 1998 . Genes 
10 regulating cellulose biosynthesis in crop plants (Pear el aU 1996 and Anoli et al. 1998), 
versus in trees, have also been isolated. However, isolation of tree genes which are 
directly involved in cellulose biosynthesis has remained a great challenge. 

For more than 30 years, no gene encoding higher plant cellulose synthase 
(CelA) was identified. Recently, Pear et al. (1996) isolated the first putative higher plant 
15 CelA cDNA GhCelA (GenBank No. GHU58283), by searching for UDP-glucose binding 
sequences in a cDNA library prepared from cotton fibers having active secondary wall 
cellulose synthesis. GhCelA was considered to encode a cellulose synthase catalytic 
subunit because it is highly expressed in cotton fibers, actively synthesizes secondary wall 
cellulose, contains eight transmembrane domains, binds UDP-glucose, and contains two 
20 other domains unique to plants. 

Recently, Arioli et al. (1998) cloned a CelA homolog, RSWl (radial 
'swelJin'g) (GenBank No. AF027172), from Arabidopsis by chromosome walking to a 
defective locus of a temperature sensitive cellulose-deficient mutant. Complementation of 
the rswl mutant with a wild type full-length genomic RSWl clone restored the nonnal 
25 phenotype. This complementation provided the first genetic proof that a plant CelA gene 
encodes a catalytic subunit of cellulose synthase and functions in the biosynthesis of 
cellulose microfibrils. The full-length Arabidopsis RSWl represents the only known, 
currently available cellulose synthase cDNA available for further elucidating cellulose 
biosynthesis in transgenic systems (Wu el a/., 1998). 
30 The discovery of the RSWl gene substantiated the belief that the assembly 

of a cellulose synthase into the plasma membrane is required for functional cellulose 
biosynthetic machinery and for manufacturing crystalline cellulose microfibrils in plant 
cell walls. Most significantly, a single CelA gene, e.g. RSWL is sufficient for the 
biosynthesis of cellulose microfibrils in plants, e.g. Arabidopsis. Thus, RSWl is a pnme 
35 target for engineering augmented cellulose fonnation in transgenic plants. 

Since many of society's fiber, chemical and energy demands are met 
through the industrial-scale production of cellulose from wood, genetic engineenng of the 
cellulose biosynthesis machinery in trees could produce higher pulp yields. This would 
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allow greater returns on investment by pulp and paper mdustnes. Therefore, U would be 
advantageous to isolate and charactenze genes from trees that are mvolved m cellulose 
biosynthesis in order to improve the properties of wood. 

NUMMARY OF THF INVENTION 
The present invention relates to polynucleotides comprising a nucleotide 
sequence that encodes a cellulose synthase, regulatory sequences, including a stress- 
inducible promoter, of the cellulose synthase, a cellulose synthase protein or a functional 
domain thereof and methods for augmenting cellulose biosynthesis m plants. 

Thus in one aspect, the invention provides a polynucleotide composing a 
sequence that encodes a cellulose synthase, or a polynucleotide fragment thereof, the 
fragment encoding a functional domain of cellulose synthase, such as a UDP-glucose 
binding domain. The invention also provides a cellulose synthase or a functional domain 
or fragment thereof, including a UDP-glucose binding domain and at least one of eight 
transi^embrane domains. The invention further provides a cellulose synthase promoter, or 
a functional fragment thereof, which fragment contains one or more mechanical stress 

response elements (MSRE). 

In another aspect, the present invention is directed to a method ot 
improving the quality of wood by altering the quantity of cellulose in plant cells, and 
optionally decreasing the content of lignin in the cell. The invention also relates to a 
method of altering the growth or the cellulose content of a plant by expressing an 
exogenous polynucleotide encoding a cellulose synthase or a UDP-glucose binding 
domain thereof in the plant. The invention further provides a method for causing a stress- 
induced gene expression in a plant cell by expressing a polynucleotide of choice using a 
stress-inducible cellulose synthase promoter. 

In yet another aspect, the invention relates to a method for determining a 
mechanical stress responsive element (MSRE) in a cellulose synthase promoters and a 
method for identifying transcription factors that binds to the MSRE. 

In a further aspect, the invention provides a method for altering (increasing 
or decreasing) i.e., regulating, the expression of a cellulose synthase in a plant by 
expressing an exogenous polynucleotide encoding a transcription factor having the 
property of binding a positive MSRE of a cellulose synthase promoter or by expressing an 
antisense polynucleotide encoding a transcription factor having the property of binding a 
negative MSRE to block the expression of the transcription factor. 

Other aspects of the invention will be appreciated by a consideration of the 
detailed description of the invention drawings and appended claims. 
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DPSCRTPTION OF THE DRAWINGS 
Fig. 1 represents a nucleic acid sequence encoding a cellulose synthase 
from Populus tremuloides [SEQ ID NO: 1] and the protein sequence thereof [SEQ ID 
NO: 2]. 

Fi2. 2 a-c (collectively referred to as Fig. 2) represent a Southern blot 
analysis of aspen genomic DNA probed with a fragment of the aspen cDNA represented in 
Fig. 1 under low (panel a) and high stringency conditions (panel b), and a northern blot 
analysis of the total aspen RNA from stem intemodes using the same probe (panel c). 

Fig. 3 a-d (collectively referred to as Fig. 3) represent in situ localization of 
the cellulose synthase gene transcripts as shown in the transverse sections from second 
(panel a), fourth (panel b), sixth (panel c) and fifth (panel d) intemode. 

Fig. 4 represents a nucleic acid sequence of the 5' region of aspen cellulose 
synthase gene including the promoter region and the 5' portion of the coding sequence 
[SEQ ID NO: 3]. 

Fig. 5 a-f (collectively referred to as Fig. 5) represents a histochemical 
analysis (panels a-d and f) and fluorescence microscopy (panel e) of transgenic tobacco for 
GUS gene expression driven by a cellulose synthase promoter of the invention. 

Fig. 6 a-d (collectively referred to as Fig. 6) represents a histochemical 
analysis of GUS gene expression driven by aspen cellulose synthase promoter of the 
invention; tangential and longitudinal sections were harvested before bending (panel a), 
and 4 (panel b), 20 (panel c) and 40 (panel d) hours after bending and stained for GUS 
expression. 

Fig. 7 represents a cDNA encoding cellulose synthase isolated from 

Arabidopsis [SEQ ID NO:4]. 

Fig. 8 represents an Arabidopsis cellulose synthase [SEQ ID NO:5] 

encoded by the cDNA represented in Fig. 7. 

T^FTAn FD DESCRI PTTON OF THF - INVENTION 
All patents, patent applications and references cited in this specification are hereby 
incorporated herein by reference in their entirety. In case of any inconsistency, the present 
disclosure governs. 

Definitions 

The terms used in this specification generally have their ordinary meanings 
in the art, within the context of the invention, and in the specific context where each term 
is used. Certain terms are discussed below, or elsewhere in the specification, to provide 
additional guidance to the person of skill m the art in describing the compositions and 
methods of the invention and how to make and use them. It will be appreciated that the 
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same thing can be said in more than one way. Consequently, alternative language and 
synonyms may be used for any one or more of the terms discussed herein, nor is any 
special significance to be placed upon whether or not a term is elaborated or discussed 
herein. Synonyms for certain terms are provided. A recital of one or more synonyms does 
5 not exclude the use of other synonyms. The use of examples anywhere in this 
specification, including examples of any terms discussed herein, is illustrative only, and in 
no way limits the scope and meaning of the invention or of any exemplified term. 
Likewise, the invention is not limited to the preferred embodiments. 

The term "plant" includes whole plants and portions of plants, including 

10 plant organs {e.g. roots, stems, leaves, etc.). 

The term "angiosperm" refers to plants which produce seeds encased in an 
ovary. A specific example of an angiosperm is Liquidambar styracifliia (L.)[sweetgum]. 

The term "gymnosperm" refers to plants which produce naked seeds, that 
is, seeds which are not encased in an ovary. Specific examples of a gymnosperm include 

15 Pinus taeda (L.)[loblolly pine]. 

The term "polynucleotide" or "nucleic acid molecule" is intended to 
include double or single stranded genomic and cDNA, RNA, any synthetic and genetically 
manipulated polynucleotide, and both sense and anti-sense strands together or individually 
(although only sense or anti-sense stand may be represented herein). This includes single- 
20 and double-stranded molecules, i.e., DNA-DNA, DNA-RNA and RNA-RNA hybrids, as 
well as "protein nucleic acids" (PNA) formed by conjugating bases to an amino acid 
backbone. This also includes nucleic acids containing modified bases, for example thio- 
uracil, thio-guanine and fluoro-uracil. 

-."i ^ An "isolated" nucleic acid molecule or polynucleotide refers to a 
25 component' 'that is removed from its original environment (for example, its natural 
environment if it is naturally occurring). An isolated nucleic acid or polypeptide may 
contains less than about 50%, preferably less than about 75%, and most preferably less 
than about 90%, of the cellular components with which it was originally associated. A 
polynucleotide amplified using PGR so that it is sufficiently and easily distinguishable (on 
30 a gel, for example) from the rest of the cellular components is considered "isolated". The 
polynucleotides and polypeptides of the invention may be "substantially pure," i.e., having 
the highest degree of purity that can be achieved using purification techniques known in 
the art. 

The term "hybridization" refers to a process in which a strand of nucleic 
35 acid joins with a complementary strand through base pairing. Polynucleotides are 
"hybridizable" to each other when at least one strand of one polynucleotide can anneal to a 
strand of another polynucleotide under defined stringency conditions. Hybridization 
requires that the two polynucleotides contain substantially complementary sequences; 
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dependmg on the stnngency of hybndizat.on, however, mismatches may be tolerated. 
Typically, hybndization of two sequences at h.gh stnngency (such as, for example, m an 
aqueous solution of 0.5X SSC at 65 = C) requires that the sequences exh.bu some high 
degree of complementarily over the:r entire sequence. Conditions of intermediate 

5 stringency (such as, for example, an aqueous solution of 2X SSC at 65»C) and low 
stringency (such as, for example, an aqueous solution of 2X SSC at 55X). require 
correspondingly less overall complementarily between the hybndizing sequences. (IX 
SSC is 0 15 M NaCl, 0.015 M Na curate.) As used herein, the above solutions and 
temperatures refer to the probe-washing stage of the hybridization procedure. The term "a 

10 polynucleotide that hybridizes under stnngent (low, intermediate) conditions" ,s intended 
to encompass both single and double-stranded polynucleotides although only one strand 
will hybridize to the complementary strand of another polynucleotide. 

A "sequence-conservative variant" is a polynucleotide that contains a 
chanae of one or more nucleotides in a given codon position, as compared with another 

15 polynucleotide, but the change does not result in any alteration in the amino acid encoded 

at that position. , . j 

(- A "function-conservative variant" is a polypeptide (or a polynucleotide 

encoding'the poW^e) having a given ammo acid residue that has been changed 
without altenng the overall conformation and function of the polypeptide, including, but 
-.O not limited to, replacement of an amino acid with one having similar physico-chemical 
properties (such as. for example, acidic, basic, hydrophobic, and the like). Amino acids 
with have similar physico-chemical properties are well known in the art. For example, 
arginine, histidine and lysine are hydrophilic-basic ammo acids and may be 
interchangeable. Similarly, isoleucine, a hydrophobic amino acid, may be replaced with 
25 leucine, methionine or valine. Sequence- and function-conservative variants are discussed 
in greater detail below with respect to degeneracy of the genetic code. 

A "functional domain" or a "functional fragment" refers to any region or 
portion of a protein or polypeptide or polynucleotide which is a region or portion of a 
larger protein or polynucleotide, the region or portion having the specific activity or 
30 specific function attributable to the larger protein or polynucleotide, e.g., a functional 
domain of cellulose synthase is the UDP-glucose binding domain. 

The term "% identity" refers to the percentage of the nucleotides/ammo 
acids of one polynucleotide/polypeptide that are identical to the nucleotides/amino acids of 
another sequence of polynucleotide/polypeptide as identified by program GAP from 
35 Genetics Computer Group Wisconsin (GCG) package (version 9.0) (Madison, WI). GAP 
uses the algorithm of Needleman and Wunsch (J. Mol. Biol. 48: 443-453, 1970) to find the 
alignment of two complete sequences that maximizes the number of matches and 
minimizes the number of gaps. When parameters required to run the above algonthm are 
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not specficd the default values offered by the program are conter.plated. The foUowmg 
parameters a. used by the GCG program GAP as default values (for polynucleotides gap 
creation penalty:50; gap extension penalty:3; sconng matnx: nwsgapdna.cpm (local data 

The "% similarity" or homology" between two polypeptide sequences is 
a function of the number of similar positions shared by two sequences on the basis of the 
sconng matnx used divided by the number of positions compared and then multiplied by 
100 This companson is made when two sequences are aligned (by introducing gaps if 
needed) to determine maximum homology. PowerBlast program, implemented by the 
10 National Center for Biotechnology Infomiat.on, can be used to compute optimal gapped 
alignments. GAP program from Genetics Computer Group Wisconsin pacKage ^ersi 
9 0) (Madison, WI) can also be used. GAP uses the algonthm of Needleman and Wunsch 
(J Mol Biol 48: 443-453, 1970) to find the alignment of two complete sequences that 
Lximizes the number of matches and minimizes the number of gaps. When parameters 
15 Te quired to run the above algonthm are not specified, the default values offered by the 
program are contemplated. The following parameters are used by the GCG program GAP 
as default values (for polypeptides): gap creation penalty:12; gap extension penalty.4; 
scoring matrix.Blosum62.cpm (local data file). 

The tenn "oligonucleotide" refers to a nucleic acid, generally of at least 10, 
20 preferably at least 15, and more preferably at least 20 nucleotides, that is hybridizable to a 
genomic DNA molecule, a cDNA molecule, or an mRNA molecule encoding a gene, 
mRNA, CDNA, or other nucleic acid of interest. Oligonucleotides can be labeled e.g 
with -P-nucleotides or nucleotides to which a label, such as biotin, has been cova^ntly 
conjugated. In one embodiment, a labeled oligonucleotide can be used as a probe to detec 
25 the presence of a nucleic acid. In another embodiment, oligonucleotides (one or both of 
which may be labeled) can be used as PGR primers, either for cloning full length or a 
fragment of CelA, or to detect the presence of nucleic acids encoding C./A. In a further 
embodiment, an oligonucleotide of the invention can fonn a triple helix with a DNA 
molecule. In still another embodiment, a library of oligonucleotides an-anged on a solid 
30 support, such as a silicon wafer or chip, can be used to detect various polymorphisms of 
interest. Generally, oligonucleotides are prepared synthetically, preferably on a nucleic 
acid synthesizer. Accordingly, oligonucleotides can be prepared with non-naturally 
occurring phosphoester analog bonds, such as thioester bonds, etc. 

The temi "coding sequence" refers to that portion of the gene that contains 
35 the information for encoding a polypeptide. The boundaries of the coding sequence ^e 
determined by a start codon at the 5' (amino) tenninus and a translation stop codon at the 
3' (carboxyl) terminus. A coding sequence can include, but is not limited to, prokaryotic 
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sequences, cDNA from eukaryotic mRNA, genomic DNA sequences from eukaryotic 
(e.g., mammalian) DNA, and even synthetic DNA sequences. 

A "promoter" is a polynucleotide containing elements (e.g., a TATA box) 
which are capable of binding RNA polymerase in a cell and initiating transcnption of a 
downstream (3' direction) coding sequence. For purposes of defining the present 
mvention, the promoter sequence is bounded at its 3' terminus by the transcnption 
initiation site and extends upstream (5' direction) to include the minimum number of bases 
or elements necessary to initiate transcnption at levels detectable above background. 
Within the promoter sequence will be found a transcription initiation site (conveniently 
defined for example, by mapping with nuclease SI), as well as protein binding domains 
(consensus sequences) responsible for the binding of RNA polymerase. Examples of 
promoters that can be used m the present invention include PtCelAP, 4CL-1 and 35S. 

The term "constitutive promoter" refers to a promoter which typically, does 
not require positive regulatory proteins to activate expression of an associated coding 
sequence, a constitutive promoter maintains some basal level of expression. A 
constitutive promoter is commonly used in creation of an expression cassette. An example 
of a constitutive promoter are 35S CaMV (Cauliflower Mosaic Virus), available from 

Clonetech, Palo Alto, CA. 

The term "inducible promoter" refers to the promoter which requires a 
positive regulation to activate expression of an associated coding sequence. An example 
of such a promoter is a stress-inducible cellulose synthase promoter from aspen descnbed 

A coding sequence is "under the control" of transcriptional and translation^ 
control sequences in a cell when RNA polymerase transcribes the coding sequence into 
mRNA, which is then trans-RNA spliced and translated into the protein encoded by the 

coding sequence. . u ^ 

A "vector" is a recombinant nucleic acid construct, such as plasmid, phage 
genome virus genome, cosmid, or artificial chromosome to which a polynucleotide of the 
invention may be attached. In a specific embodiment, the vector may bnng about the 
30 replication of the attached segment, e.g. , in the case of a cloning vector. 

The term "expression cassette" refers to a polynucleotide which contains 
both a promoter and a protein coding sequence such that expression of a given protein is 
achieved upon insertion of the expression cassette into a cell. 

A cell has been "transfected" by exogenous or heterologous polynucleotide 
35 when such polynucleotide has been introduced inside the cell. A cell has been 
"transformed" by exogenous or heterologous polynucleotide when the transfected 
polynucleotide effects a phenotypic change. Preferably, the transforming polynucleotide 
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should be tmegrated <covalent,y Unked, in,o chromosomal DNA n,ak.ng up .he genome of 

■Exo-enous" refers to b.olog.cal matenal. soeh as a polynucleotide or 
protein that has be^n isolated from a cell and ts then introduced tnto - " 

5 Xnt cell. For example, a polynucleot.de encodtng a cellulose 

! tion can be cloned from xylem cells of a pan.cular speces of tree, mserted m» 
plasmid and reintroduced ,n,o xylem cells of the same or different speces. The speces 
thus contains an exogenous cellulose synthase polynucleotide. 

■Heterologous polynucleotide" tefers to an exogenous polynucleottde not 
in naturally occurring in the cell into which it is introduced. 

10 naturally polynucleotide" refers to an exogenous polynucleottde that 

naturally exists in the cells into which it is introduced. 

.r-/- , The ptesem invemion relates to isolation and charactenzatton o 
■p'olynucfeotides ^rtcoding cellulose synthases from plants, especally trees, including M 
15 en th or naturally 6ccurring fomts of cellulose synthases, functional domarn. promote. 
1 .gulatory eleme,«s. Therefore, in accordance with the present inventton there may be 
employed conventtonal molecular biology, microbiology, and recombman DNA 
eliques within the s«H of the art. Such techmques are explained fully ,n the h^rature. 
See .V Sambrook. Fntsch & Man.ans. Molecular Clonic: A U,„ora,ory Manual. 
20 Sec'ond Editton (1989) Cold Spnng Harbor Laboratory Press. Cold Sprrng Hart,o. New 
York (herein "Sambrook et al., 1989-); DNA Clonmg: A PraC^cal Approach. Volumes I 
Id hTn Glover ed. .985); OU,o.ucleoM. Syn.Hesis (M.J. Gait ed. 1984); Nuc^-c 
Ad. Hy„H<,iza,ion [B.D. Hantes * S.J. Kggins eds. (1985)] Tra.scnp..n An, 
Transition [B.D. Hames & S.J. Higgins. eds. (1984)1; Animal Cell CuUure IK.l. 
,5 prhtred (1986,,; . Cells An, En^s lOU. Press. (1986),; B. Perbal. A 

plical oL To Molecular Clonins (1984); P.M. Ausubel et al, (eds.,. Curren. 
Prowcols in Molecular Biology. Jol\n Wiley & Sons. Inc. (1994,. 

The present tnventton .elates to a novel, full-length cellulose synthase gene 
(CelA), a novel stress inducible promoter of cellulose synthases (CelAF). and cellul^e 
30 synthase proteins from trees, including UDP-glucose catalytic domains the^of. The 
indention enables the development of transgenic tree varieties having tncreased cellu ose 
content, deceased ligntn content and, therefore, improved wood fiber charactenst.cs^ 
^duc ion of increased cellulose cuantity and quality in mult.ple vanettes o 
commercially relevant, transgenic forest tree speces in operational producfon scenano 
35 are fulher contemplated. The .nventton further provtdes a new expenmenta, system for 
Study of CelA gene expression and function in trees. 
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P^i Ynnrlmtides ^nrndmg cellul ose svmh.ns e and frn^ments thereof 

> The present invention relates to polynucleotides which compnse the 
nucleolide'^equ^ce that encodes cellulose synthase of the invention or a functional 
fragment thereof, ^n a preferred embodiment, the polynucleotide compnses the sequence 
5 encoding a tree cellulose synthase and most preferrably, the sequence encoding a cellulose 
synthase from aspen/ In one embodiment, a polynucleotide of the invention includes the 
entire cellulose synthase coding region, ..g., nucleotides 69 to 3,005 of SEQ ID NO: 1 . In 
another aspect of the invention, the polynucleotide encoding an Arabidopsis cellulose 
synthase is provided (s^e SEQ ID NO:4 and the translated protein of SEQ ID NO:5). 
10 Also within the scope of the invention are fragments of the polynucleotides 

encoding cellulose synthase of the invention, which fragments encode at least one 
transmembrane domain and/or a UDP-glucose binding domain. For example, a 
polynucleotide comprising the nucleotides encoding a UDP-glucose binding domain of 
aspen cellulose synthase (e.g., nucleotides 660 to 2250 of SEQ ID NO:l) or corresponding 
15 nucleotides of SEQ ID NO:4 are within the scope of the invention. The nucleotides 
encoding the UDP-glucose binding domain can be determined by, for example, alignment 
of protein sequences as described below. 

The invention further relates to sequence conservative variants of the 

coding portion of SEQ ID NOS : 1 and 4. 

20 Polynucleotides that hybridize under conditions of low, medium, and high 

stringency to SEQ ID NOS: 1 and 4, and their respective coding portions are also within 
the scope of the invention. Preferably, the polynucleotide that hybridizes to any of SEQ 
ID NOS- 1 and 4, or their respective coding portions, is about the same length as that 
sequence, for example, not more than about 10 to about 20 nucleotides longer or shorter. 

25 In another embodiment of the invention, the hybridizable polynucleotide is at least 1500 
nucleotides long, preferably at least 2500 nucleotides long and most preferably at least 
3000 nucleotides long. In yet another embodiment, the hybndizable polynucleotide 
comprises the UDP-glucose binding domain as found in SEQ ID NO:l or 4, or at least the 
conserved region QVLRW. Most preferably, the hybridizable polynucleotide has a UDP- 

30 glucose binding activity. 

> - - ^he polynucleotides that occur originally in nature may be isolated from the 
organisms that cdntain them using methods described herein or well known in the art. The 
non-naturally occumng polynucleotides may be prepared using various manipulations 
known in the field of recombinant DNA. For example, the cloned CelA polynucleotide 

35 can be modified according to methods described by Sambrook et al.. 1989. The sequence 
can be cleaved at appropriate sites with restriction endonuclease(s). followed by further 
enzymatic modification if desired, isolated, and ligated in vitro. In the producuon of the 
modified polynucleotides, for example, care should be taken to ensure that the modified 
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polynucleofdc remains wUhm the appropnate translat>onal reading frame (if to be 
expressed) or unmterrupted by translat.onal stop signals. As a further example, a C.M- 
encoding nucleic acid sequence can be mutated in .itro or in vivo, to create and/or destroy 
translation, initiation, and/or termination sequences, or to create variations m coding 
regions and/or form new restnction endonuclease sites or destroy preexisting ones, to 
facilitate further in vitro modification. Preferably, such mutations enhance the functional 
activity of the mutated CelA polynucleotide. Any technique for mutagenesis known in the 
art can be used, including but not limited to, in vitro site-directed mutagenesis 
(Hutchinson. C, et al., 1978, J. Biol. Chem. 253:6551; Zoller and Smith, 1984. DNA 
10 3-479-488; Oliphant et al.. 1986, Gene 44:177; Hutchinson et al., 1986. Proc. Natl. Acad 
Sci U S A 83-710), use of TAB linkers (Pharmacia), etc. PGR techniques are preferred 
for site directed mutagenesis (see Higuchi, 1989, "Using PGR to Engineer DNA" in PCR 
Technology: Principles and Applicauons for DNA Amplification, H. Erlich. ed.. Stockton 

Press, Chapter 6, pp. 6 1V70). ^ ■ . a ;„m 

15 The polynucleotides of the present invention may be mtroduced into 

various vectors adapted for plant or non-plant replication. These are well known m the art. 
thus, choice, construction and use of such vectors is well within the skill of a person 
skilled in the art. Possible vectors include, but are not limited to, plasmids or modified 
viruses of plants, but the vector system must be compatible with the host cell used. An 
20 example of a suitable vector is Ti plasmid. The insertion into a cloning vector can for 
example, be accomplished by ligating the DNA fragment into a cloning vector which has 
complementary cohesive tennini. However, if the complementary restriction sites used to 
fragment the DNA are not present in the cloning vector, the ends of the DNA molecules 
xnay be enzymatically modified. Alternatively, any site desired may be produced by 
25 ligating nucleotide sequences (linkers) onto the DNA termini; these ligated linkers may 
comprise specific chemically synthesized oligonucleotides encoding restnction 
endonuclease recognition sequences. An expression cassette containing cellulose synthase 
or recombinant molecules thereof can be introduced into host cells via silicon carbide 
whiskers, transfonned protoplasts, transfonnation, e.g., Agrobacterium vectors (discussed 
30 below), electroporation, infection, etc.. so that many copies of the gene -1-"- 

generated. Preferably, the cloned gene is contained on a shuttle vector plasmid, which 
provides for expansion in a cloning cell, e.g., E. coli, and facile purification for subsequent 
insertion into an appropnate expression cell line, if such is desired. For example, a shutUe 
vector which is a vector that can replicate in more than one type of orgamsm, can be 
35 prepared for replication in both E. coli and Saccharomyces cerevisiae by linking sequences 
from an E coli plasmid with sequences fonn the yeast 2m plasmid. 

Transgenic plants containing the polynucleotides described herein are also 
within the scope of the invention. Methods for introducing exogenous polynucleotides 
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inco plant cells and regeneraUng transgenic plants are well known. Sonte are prov.ded 

In one embodiment, to introdnce a plasmid containing a CelA coding 
sequence or protnoter of the invention into a plant, a 1:1 mixture of plasnaid DNA 
5 laming a selectable marker expression cassette and plasmid DNA containing a 
c lu ose synthase expression cassette is precipitated with gold to form ™-°P-J- - 
The microproiecl- - nnsed in absolute ethanol and aliquots are dned onto a suitab 
latrocainer uch as the macrocarrier available from BioRad ,n Hercules, CA. Pnor to 
Tolardment, embryogenic tissue is preferably desiccated under a stenle laminar-now 
,0 hood The desiccated tissue is transferred to sem-solid prohferation medium^ The 
prpared micropro.ectiles are accelerated from the macrocar^er in^ the desiccated targe 
Lis using a suitable apparatus such as a BioRad PDS-.OOO/HE particle gun. In 
plfen^d method, each plate is bombarded once, rotated 180 degrees and bombarded a 
Lond time. Preferred bombardment parameters are 1350 psi rupture disc pressure, 6 mn^ 
,5 distance from the rupture disc to macrocarrier (gap distance), 1 cm macrocarner trave 
distance, and 10 cm distance from macrocarrier stopping screen to culttire plate 
fr^L rrier trave, distance). Tissue is then transferred to semi-solid prolifer«.n 
medium containing a selection agent, such as hygromycin B, for two days after 
bombardment. 

20 

P pllnlnse svn tha'^p protein and fragment thereof 

A cellulose synthase of the invention is a plant protein that contains a 

catalytic subunit which has UDP-glucose binding activity for the synthesis of glucan frorn 
glucose, and eight transmembrane domains for localizmg the cellulose synthase to the cell 
25 membrane. The cellulose synthase of the invention has eight transmembrane binding 
Tomains; two at the ammo tei^inal and six at the carboxyl terminal. The I^P-glucose 
binding domain is located between transmembrane domains two and three. Examples o 
this protein structure are seen in the aspen cellulose synthase as well as in those of RSWl 
and GhCelA. The location of the transmembrane domain may be identified as descnbed 
30 below and as exemplified in the Example. Preferably, the cellulose synthase of the 
invention has an amino acid sequence of a tree cellulose synthase. 

In one embodiment, the cellulose synthase protein of the invention .s 
isolated from aspen. Aspen cellulose synthase contains about 978 amino acids and has a 
n^olecular weight of about 1 10 KDa and a pi of about 6.58. In one embodiment the aspen 
35 cellulose synthase has the amino acid sequence of SEQ ID NO^^^f^ ^ ^'^^ 
In another aspect, the invention relates to cellulose synthase of SEQ ID NO. 5. 

The invention further relates to fragments of plant cellulose synthases, such 
as fragments containing at least one transmembrane region and/or a UDP-glucose binding 
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domain. The transmen^brane regions may be identified as described ,n the Example by 
using the method of Hoffman and StoffeK 1993). 

The cellulose synthase fragment containing the UDP-glucose bmdmg 
domain .s functional wUhout the presence of the rest of the protetn. This separable actwuy 
5 is as shown m the Example. Th.s result was surprising and unexpected because previously 
identified UDP-glucose bindmg domatns were not known to be functional when isolated 
from other portions of the protein. Thus, a fragment of any cellulose synthase (such as 
PtCelA RSWl, GhCelA and SEQ ID NO:5) that contains a UDP-glucose binding dotriam 
and is independently functional iS within the scope of the mvention. The function of the 
10 UDP-glucose binding domain may be determined using the assay descnbed in the 
Example The UDP-glucose binding domain of the invention is located between the 
second and third transmembrane region of the cellulose synthase and has conserved ammo 
acid sequences for UDP-glucose binding, such as the sequence QVLRW and conserved D 
residues The UDP-glucose binding domain and the conserved regions therein may be 
15 located in a cellulose synthase using the guidance of the present J^^/ 
general knowledge in the art. for example Brown, 1996. In one embodiment, the UDP- 
glucose binding domain and the conserved regions therein may be identified by companng 
the amino acid sequence of cellulose synthase of interest with the amino acid sequence of 
aspen cellulose synthase using the algorithms described in the specification or generally 
20 Town in the att. For example, the UDP-glucose binding domain of SEQ ID NO:2 is in 
the position amino acids 220 to 749. The conserved QVLRW sequence is located at 
positions 715-719 of SEQ ID NO:2. 

Polypeptides having at least 75%, preferably at least 85% and most 
preferably at least 95% similarity to the amino acid sequence of SEQ ID NO: 2, amino 
25 acids 220-749 of SEQ ID NO:2, SEQ ID NO:5 or its UDP-glucose binding domain using 
Power Blast or GAP algorithm described above. In a preferred embodiment, these 
polypeptides are of about the same length as the polypeptide of SEQ ID NO: 2 or ^tno 
acids 220-749 of SEQ ID N0:2. For example, the polypeptide may be from about 2-3 to 
about 5-7 and to about 10-15 amino acids longer or shorter. In another embodiment, the 
30 polypeptides described in this paragraph are not originally found ii.e., naturally occramng) 
in ArLopsis or cotton. These polypeptides may be prepared by, for — pie, ^tenng 
the nucleic acid sequence of a cloned polynucleotide encoding the protein of SEQ ID 
NO-2 or SEQ ID N0:5 using the methods well known in the art. 

Function conservative variants of cellulose synthase are also within the 
35 scope of the invention and can be prepared by altering the sequence of a cloned 
polynucleotide encoding cellulose synthase or fragments thereof. Conventional methods 
used in the art can be used to make substitutions, additions or deletions in one or more 
amino acids, to provide functionally equivalent molecules. For example, a function 
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conservative vanant that has substitutions, deletions and/or adduions m the ammo and/or 
carboxyl terminus of the protem, outs.de of the UDP-glucose bmd.ng domam .s wuh.n the 
scope of the mvention. Preferably, vanants are made that have enhanced or mcreased 
functional act,vuy relatWe to natWe cellulose synthase. Methods of directed evolution can 

be used for this purpose. 

The invention also includes function conservative vanants which include 
altered sequences in which functionally equivalent amino acid residues are substituted for 
residues within the sequence resulting in a conservative amino acid substitution. For 
example one or more amino acid residues within the sequence can be substituted by 
another amino acid of a similar polarity, which acts as a functional equivalent, resulting in 
a silent alteration. Substitutes for an amino acid within the sequence may be selected from 
other members of the class to which the amino acid belongs. For example, the nonpolar 
(hydrophobic) amino acids include alanine, leucine, isoleucine, valine, proline, 
phenylalanine, tryptophan and methionine. Amino acids containing aromatic nng 
structures are phenylalanine, tryptophan, and tyrosine. The polar neutral amino acids 
include glycine, serine, threonine, cysteine, tyrosine, asparagine, and glutamme. The 
positively charged (basic) amino acids include arginine, lysine and histidine. The 
negatively charged (acidic) amino acids include aspartic acid and glutamic acid. Such 
alterations will not be expected to affect apparent molecular weight as determined by 
polyacrylamide gel electrophoresis, or isoelectnc point. Particularly preferred 
substitutions are: (i) Lys for Arg and vice versa such that a positive charge may be 
maintained; (ii) Glu for Asp and vice versa such that a negative charge may be maintained; 
(iii) Ser for Thr such that a free -OH can be maintained; and (iv) Gin for Asn such that a 
free CONH2 can be maintained. Amino acid substitutions may also be introduced to 
substitute an amino acid with a particularly preferable property. For example, a Cys may 
be introduced a potential site for disulfide bridges with another Cys. A His may be 
introduced as a particularly "catalytic" site (i.e.. His can act as an acid or base and is the 
most common amino acid in biochemical catalysis). Pro may be introduced because of its 
particularly planar structure, which induces b-tums in the protein's structure. 

The cellulose synthase of the invention can be isolated by expressing a 
cloned polynucleotide encoding the cellulose synthase as well as using direct protein 
purification techniques. These methods will be apparent to those of skill in the art. 

P»i ynnH<>ntides contaip inc^ f-plhilose synthase promoter 

The present invention further relates to a cellulose synthase promoter. The 
promoter is a stress-inducible promoter and may be used to synthesize greater quantities of 
high crystalline cellulose in plant, and preferably in trees. This permits an increase in the 
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proportion of cellulose in transgenic plants, greater strength of juvenile wood and fiber, 

and acceleration of overall growth rate. 

In one embodiment, the promoter of the invention is from aspen and is 
represented in Figure 4. The promoter sequence is located within the region of nucleotides 
5 1-840 of SEQ ID N0:3. A person of skill in the art will appreciate that not the entire 
sequence is required for the promoter function and can easily identify the critical regions 
by looking for conserves boxes and doing routine deletion analysis. Thus, functional 
fragments of SEQ ID NO:l are within the scope of the invention. 

Polynucleotides that hybridize under conditions of low, medium, and high 
10 stringency to SEQ ID N0:3, and its non-coding portion are also within the scope of the 
invention The hybridizable polynucleotide may be about the same length as the sequence 
to which it hybridizes, for example, not more than about 10 to about 20 nucleotides longer 
or shorter. In another embodiment, the hybridizable polynucleotide is at least about 200 
nucleotides long, preferably at least about 400 nucleotides long and most preferably at 
15 least 500 nucleotides long. In yet another embodiment, the hybridizable polynucleotide 
comprises at least one MSRE element identified according to the method described below. 

A cellulose synthase promoter of the invention typically provides tissue- 
specific gene regulation in xylem, but also permits up-regulation of gene expression in 
other tissues as well, e.g., phloem under tension stress. Furthermore, expression of 
20 cellulose synthase is localized to an area of the plant under stress. 

This stress-inducible phenomenon is regulated by positive and negative 
mechanical stress response elements (MSREs). These MSREs upregulate (positive) or 
downregulate (negative) the expression of a cellulose synthase polynucleotide under stress 
conditions through binding of transcription factors. MSRE-regulated expression of 
25 cellulose synthase permits synthesis of cellulose with high crystallinity. 

The MSREs of cellulose synthase can be modified or employed otherwise 
in methods to regulate expression of a polynucleotide, including a cellulose synthase, 
operatively linked to a promoter containing an MSRE in response to mechanical stress 
(e.g., tension or compression) to a transgenic plant. 
30 Negative MSREs of a cellulose synthase promoter can be modified, 

removed or blocked to improve expression of a cellulose synthase, and thereby increase 
cellulose production and improve wood quality. Alternatively, positive MSREs can be 
removed or blocked to decrease expression of a cellulose synthase, which decreases 
cellulose production and increases lignin deposition. This is useful for increasing the fuel 
35 value of wood because lignin has a higher BTU value than cellulose. Moreover, a 
modified cellulose synthase promoter can be operatively linked to a polynucleoude of 
interest to control its expression upon mechanical stress to a plant harboring it. 
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/ / .The location of MSRE elements in the SEQ ID NO:3 may be identified, for 
exampie'iising promoter deletion analysis, DNAse Foot Pnnt Analysis, and Southwestern 
screening of an expression library for an MSRE. In one embodiment, cellulose synthase 
promoter that has ohe or more portions deleted, and is operatively linked to a reporter 
5 sequence, is introduced into a plant or a plant cell. A positive MSRE is detected by 
observing no relative cMge or increase in the amount of reporter in a transgenic plant or 
tissue eg., phloem after ^i^ducing a stress to the plant, and a negative MSRE is detected by 
observing increases in the Wiount of reporter in the plant in the absence of any stress to 
the plant. A positive element is detected when by removing it, GUS expression goes down 
10 and by adding it kept at the sartxe level or more. The negative element does not support, or 
suppreses, expression of GUS artd by removing it, normal or enhanced GUS expression is 
observed as compared to when negative element is present. 

Manipulation of a MSRE binding sites and/or providing transcription 
factors that bind thereto, provides a mechanism to continuously produce high crystalline 
15 cellulose in woody plant cell walls of transgenic plants. For example, one having ordinary 
skill in the art can delete or block negative MSRE elements, or provide cDNA encoding 
protein(s) that bind the positive MSREs, to enable constitutive expression of a cellulose 
synthase without the requirement of a mechanical stress. The increased cellulose synthase, 
and therefore, increased cellulose content, can improve the strength properties of juvenile 
20 wood and fiber. It is also contemplated that the positive MSREs can be deleted or 
blocked, or cDNA in an antisense direction, which in the sense direction encodes a protem 
that binds a positive MSRE, can be provided, to reduce cellulose synthase activity and 
decrease cellulose production. 

25 Mpthod of Isolating Polvnucl potides Encoding Cellulose Synthase 

The invention further relates to identifying and isolating polynucleotides 
encoding cellulose synthase in plants, e.g., trees, (in addition to those polynucleotides 
provided in the Example and represented in Fig. 1 and Fig. 7). These polynucleotides may 
be used to manipulate expression of cellulose synthase with an objective to improve the 

30 cellulose content and properties of wood. 

The method comprises identifying a nucleic acid fragment containing a 
sequence encoding cellulose synthase or a portion thereof by using a fragment of SEQ ID 
NOS:l or 4 as a probe or a primer. Once identified, the nucleic acid fragment containing a 
sequence encoding cellulose synthase or a portion thereof is isolated. 

35 Polynucleotides encoding cellulose synthases of the invention, whether 

genomic DNA, cDNA, or fragments thereof, can be isolated from many sources, 
particularly from cDNA or genomic libraries from plants, preferably trees {e.g. aspen, 
sweetgum, loblolly pine, eucalyptus, and other angiosperms and gymnosperms). 
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Molecular biology methods for obtaining polynucleotides encoding a cellulose synthase 
are well known in the art, as described above {see, e,g., Sambrook et al., 1989, supra). 

Accordingly, cells from any species of plant can potentially serve as a 
nucleic acid source for the molecular cloning of a polynucleotide encoding a cellulose 
5 synthase of the invention. The DNA may be obtained by standard procedures known in 
the art from cloned DNA (e.g., a DNA "library"), and preferably is obtained from a cDNA 
library prepared from tissues with high level expression of a cellulose synthase (e.g., 
xylem tissue, since cells in this tissue evidence very high levels of expression of CelA), by 
chemical synthesis, by cDNA cloning, or by the cloning of genomic DNA, or fragments 
10 thereof, purified from a desired cell (see, for example, Sambrook et al., 1989, supra; 
Glover, D.M. (ed.), 1985, DNA Cloning: A Practical Approach, MRL Press, Ltd., Oxford, 
U.K. Vol. I, II). Clones derived from genomic DNA may contain regulatory and intron 
DNA regions in addition to coding regions; clones derived from cDNA will not contain 
intron sequences. Whatever the source, a polynucleotide should be molecularly cloned 

15 into a suitable vector for its propagation. 

In another embodiment for the molecular cloning of a polynucleotide 
encoding a cellulose synthase of the invention from genomic DNA, DNA fragments are 
generated from a genome of interest, such as from a plant, or more particularly a tree 
genome, part of which will correspond to a desired polynucleotide. The DNA may be 

20 cleaved at specific sites using various restriction enzymes. Alternatively, one may use 
DNAse in the presence of manganese to fragment the DNA, or the DNA can be physically 
sheared, as for example, by sonication. The linear DNA fragments can then be separated 
according to size by standard techniques, including but not limited to, agarose and 
polyacrylamide gel electrophoresis and column chromatography. 

25 Once the DNA fragments are generated, identification of the specific DNA 

fragment containing a desired CelA sequence may be accomplished in a number of ways. 
For example, if an amount of a portion of a CelA sequence or its specific RNA, or a 
fragment thereof, is available and can be purified and labeled, the generated DNA 
fragments may be screened by nucleic acid hybridization to a labeled probe (Benton and 

30 Davis, 1977, Science 196:180; Grunstein and Hogness, 1975, Proc. Natl. Acad. Sci. 
U.S.A. 72:3961). For example, a set of oligonucleotides corresponding to the partial 
amino acid sequence information obtained for a CelA protein from trees can be prepared 
and used as probes for DNA encoding cellulose synthase, or as primers for cDNA or 
mRNA (e,g., in combination with a poly-T primer for RT-PCR). Preferably, a fragment is 

35 selected that is highly unique to a cellulose synthase of the invention, such as the UDP- 
glucose binding regions. Those DNA fragments with substantial homology to the probe 
will hybridize. As noted above, the greater the degree of homology, the more stringent 
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hybndizanon cond.nons can be used. In a specific embodiment, stnngency hybndization 
conditions can be used to identify homologous CelA sequences from trees or other plants. 

Thus in one embodiment, a labeled cellulose synthase cDNA from, e.g., 
Populus tremuloUes (PtCelA), can be used to probe a Hbrary of genes or DNA fragments 
5 from various species of plants, especially ang,osperm and gymnosperm, to detennme 
whether any bind to a CelA of the invention. Once genes or fragments are identified, they 
can be amplified using standard PGR techniques, cloned into a vector, e.g., pBluescnpt 
vector (StrataGene of LaJolla, CA). and transformed into a bacteria, e.g., DH5a E. coU 
strain (Gibco BRL of Gaithersburg, MD). Bacterial colonies are typically tested to 
10 determine whether any contains a cellulose synthase-encoding nucleic ^-d. Once a 
positive clone is identified through binding, it is sequenced from an end, preferably the 3 

^"'^ cDNA libraries can be constructed in various hosts, such as lambda ZAPII, 

available from Stratagene, LaJolla, CA, using poly(A) 4.RNA isolated from aspen xylem 
15 according to the methods described by Bugos et al. (Biotechniques 19:734-737, 1995 ). 
The above mentioned probes are used to assay the aspen cDNA library to locate cDNA 
which codes for enzymes involved in production of cellulose synthases. Once a cellulose 
synthase sequence is located, it is then cloned and sequenced according to known methods 
in the art. 

20 Further selection can be carried out on the basis of the properties of the 

gene eg if the gene encodes a protein product having the isoelectric, electrophoretic, 
hydropathy plot, amino acid composition, or partial amino acid sequence of a cellulose 
synthase protein of the invention, as described herein. Thus, the presence of the gene may 
be detected by assays based on the physical, chemical, or immunological properties of its 
25 expressed product. For example, cDNA clones or DNA clones which hybnd-select the 
proper mRNAs can be used to produce a protein that has similar properties known for 
cellulose synthases of the invention. Such properties may include, for example, similar or 
identical electrophoretic migration patterns, isoelectric focusing or non-equilibnum pH ge 
electrophoresis behavior, proteolytic digestion maps, hydropathy plots, or functional 
30 properties (such as isolated, functional UDP-glucose binding domams). 

A cellulose synthase polynucleotide of the invention can also be identified 
by mRNA selection, i.e., by nucleic acid hybridization followed by in vitro translation. In 
this procedure, nucleotide fragments are used to isolate complementary mRNAs by 
hybridization. Such DNA fragments may represent available, purified CelA DNA, or may 
35 be synthetic oligonucleotides designed from the partial amino acid sequence information. 
Functional assays {e.g., UDP-glucose activity) of the in vitro translation products of the 
products of the isolated mRNAs identifies the mRNA and, therefore, the complementary 
DNA fragments, that contain the desired sequences. 
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A radiolabeled CelA cDNA can be synthesized using a selected mRNA as a 
template The radiolabeled mRNA or cDNA may then be used as a probe to identify 
homologous CelA DN A fragments from amongst other genomic DNA fragments^ 

It will be appreciated that other polynucleotides, in addition to a CelA of the 
mvention can be operatively linked to a CelA promoter to control expression of the 
polynucleotide upon application of a mechanical stress. 

FY nmssion o f f^^'A Polypeptides 

The nucleotide sequence coding for CelA, or a functional fragment, 
detivative or analog thereof, including chimeric proteins, can be inserted into an 
appropriate expression vector, i.e., a vector which contains the necessary elements for the 
transcription and translation of the inserted protein-coding sequence. Preferably, an 
expression vector includes an ongm of replication. The elements are collectively tenned 
herein a "promoter." Thus, a nucleic acid encoding CelA of the invention can be 
operatively associated with a promoter in an expression vector of the invention. Both 
CDNA and genomic sequences can be cloned and expressed under control of such 
regulatory sequences. The necessary transcriptional and translational signals can be 
provided on a recombinant expression vector, or they may be supplied by the native gene 
encoding Ce/A and/or its flanking regions. 

In addition to a CelAP, expression of cellulose synthase can be controlled 
by any promoter/enhancer element known in the art, but these regulatory elements must be 
functional in the host selected for expression. Promoter, which may be used to control 
CelA polynucleotide expression include, constitutive, development-specific and tissue- 
specific Examples of these promoters include 35S Cauliflower Mosaic Virus, terminal 
flower and 4CL-1. Thus, ther^ are various ways to alter the growth of a plant using 
different promoters, depending on the needs of the practitioner. 

M> - , The nucleotide sequence may be inserted in a sense or antisense direction 
deLnding^n theVeds of the practitioner. For example, if augmentation of cellulose 
biosynthesis is desiW then polynucleotides encoding, e.g., cellulose synthase, can be 
inserted into the expression vector in the sense direction to increase cellulose synthase 
production and thus cellulose biosynthesis. Alterr^atively, if it is desired that cellulose 
biosynthesis is reduced or lignin content is increased, then polynucleotides encoding, e.g., 
cellulose synthase ,can be inserted in the antisense direction so that upon transcnption the 
antisense mRNA hybridizes to other complementary transcripts in the sense onentation to 
prevent translation. In other embodiments, the polynucleotide encodes a UDP-glucose 
binding domain and is used in a simiiar manner as described. 

A recombinant CelA protein of the invention, or functional fragment, 
derivative, chimeric construct, or analog thereof, may be expressed chromosomally. after 
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, „„ ,he coding sequence bv recombination. In this regard, any of a number of 
,„,egrat,onofti,c cod n eq ^^^^^^^ ^^^^^^ ^^^^^ ^^^^ 

rr^lrr of t. m^^ods pre.ous. desc„bed tor .nsen^ 
of DNA f agents ,nto a clontng vector may be used to construe, expresston v ctor 
IZn a;ene cons.sting of appropriate transcHpt,ona,/trans,at,ona, control s,g„a. and 
cod,ng sequences. These methods may tnciude ,,. W,™ recomb.nant DNA and 
synthetic techniques and in vivo recomb,na„on(genet,crecomb,nauon,. 

Expression vectors contatning a nucleic acd encod.ng a CelA of the 
invention can be identifled by four genera, approaches: (a) PCR amplification of the 
,0 rreTplasmtd DNA or specfic mRNA, (b) nucleic acd hybrtdizat.on, (c, presence or 
le tf selectton marker gene funeHons, (d, analyses with approp„a„ restnc on 
onucleases, and ,e, expression of tnserted sequences. In the r-;PP-* *; 
acids can be amphfied by PCR to provide for detection of the amphfed product. In th 
ond approach the presence of a foreign gene tnsened ,n an expression vector cnb 
15 dXted by nucleic acid hybridization using probes comprising sequences that ar 
oXu to an inserted martter gene. In the th.rd approach, the recombinan 
!ecl/host system can be identified and selected based upon the presence or absence 
«°n -seJtion marlter- gene functions (..g., P-glucuronidase activity, resistance o 
aXics transformation phenotype. etc.) caused by the insenion of foreign genes ,n e 
: in another example, if the nucleic acid encoding CM is -e^ed wK^.n - 
■selectron marlcer" gene sequence of the vector, recombinants —^^^'^^^^ 
can be identified by the absence of the CelA gene function. In the fourth approach, 
rTombi nan. expresLn vectors are identified by digestion with aPP"P;~;°; 
enzymes In the fifth approach, recombinant expression vectors can be id^nt fied by 
25 aLa^n. for the activity, biochemical, or immunological charactenstics of the gene 
^L. exptessed by the recombinant, provided that the expressed protein assumes a 
functionally active «nf— ^^^^^^^^ ^^^^^^^^ 

several methods known in the at, may be used to propagate it. Once a suitable host system 
30 and gtcwth conditions are estabhshed, recombinant expression vectors can be propagate^ 
and '..pared in quantity. As previously explained, the expression vector^ wl.ch can be 
used include, bu. are no, limited to those vector, or their derivatives descnbed above. 

vector, are tntroduced into the desired hos. cells by me.hods known ,n .he 
an e, Agr<,i>»c,.™m-med,ated transformation (described in greater de.^1 below), 
35 Ta^Zfion'olecroporation, microiniection, transduction, cell fuston, DEAB extr n^ 
calcium phosphate precipitation, lipofection (lysosome fusion), °f ^ 
DNA vector transporter (see, e.g.. Wu et al., 1992, J. Biol. Chem. 267:963-967, Wu and 
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Wu, 1988, J. B,ol. Chem. 263:14621-14624; Hanmut et al.. Canadian Patent Application 
No 2 012,311, filed March 15, 1990). 

The cell into which the recombinant vector compnsing the nucleic acid 
encoding CelA is cultured in an appropnate cell culture medium under conditions that 
;ovide for expression of CelA by the cell. In addition, a host cell strain may be chosen 
Lch modulates the expression of the inseited sequences, or modifies and processes 
gene product m a specific fashion desired. Different host ceils have charactenstic and 
Lific mechanisms for the translational and post-translational processing and 
Idification (such as glycosylation, cleavage, of a signal sequence) of pi.t.^^^^^ 
Appropnate cell hnes or host systems can be chosen to ensure the desired modification 
and processing of the foreign protein expressed. 

transformation nnd indnnn. somatic embryos 

^ The culture media used in the invention, and for transforming 

AsrobacteHum, contain an effective amount of each of the medium components (.g. basal 
medium growth regulator, carbon source) described above. As used m descnbing the 
"verition, I "effective amount" of a given medium component is the am^^^^^^ 
necessary to cause a recited effect. For example, an effective amount of a growth horn^one 
in the primary callus growth medium is the amount of the growth hormone that induces 
callus formation when combined with other medium components. Other compounds 
known to be useful for tissue culture media, such as vitamins and gelling agents, may also 
be used as optional components of the culture media of the invention. 

Transfonnation of cells from plants, trees, and the subsequem 

production of transgenic plants using A,....c..n«n.-mediated transfonnation procedures 
Lown in the art, and further described herein, is one example of a method for introducmg 
a foreign gene into trees. Transgenic plants may be produced by vanous methods, such as 
by the following steps: (i) culturing A.roMctenun. in low-pH induction medium at ow 
temperature and preconditioning, i.e., coculturing bacteria with wounded tobacco leaf 
extract in order to induce a high level of expression of the Asrobacterium .ir genes whose 
, products are involved in the T-DNA transfer; (ii) coculturing a desired p ant tissue 
explants, including zygotic and/or somatic embryo tissues denved from cultured explant. 
wiL the incited Asrotacterium; (iii) selecting transformed callus tissue on a medium 
containing antibiotics; and (v) and converting the embryos into plantlets. 

. Any non-tumorigenic A. tumefaciens strain harboring a disarmed T, 

5 plasmia Jy be\ed m the method of the invention. Any Asrobacterium system may be 
used. For example. Ti plasmidA^inary vector system or a cointegrative vector system wi^ 
one Ti plasmid may be used. Also, any marker gene or polynucleotide conferring the 
ability to select transfonned cells, callus, embryos or plants and any other gene, such as. 
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f»~«amp.e .a gene confe,.ng res,s>a„ce ,o a d.sease, or one .mprovng 
„ay alJc^ used. Any promoter des.red can be used. sue. as, for exan,pl=, a MP c 
*e inven.,0;, ind .hose promoters as descnbed above. A person of ord.nary sk,., ,n .he 
an ean de.enn.ne wte«h markers and genes are used depend.ng on pameular needs 

For purposes of the p,^sen.,nvenuon.-transfonned" or -transgen.c means 

that a. least one marker gene or polynucleotide confemng selectable marker properties .s 
introduced into the DNA of a plant cell, callus, embryo or plant. Add.ttonally. any gene 

may also be introduced. , 

To increase the infectivity of the bacteria. Asrobacenum ,s cultured ,n 
,0 low-pH inductton medtum. i.e.. any bacterium culture medta with a pH value adjusted to 
fl 4 5 ,0 6.0. most preferably about 5,2. and at low temperature such as for example 
about 19-30-C, preferably about 21-26'C. The condittons of low-pH and low temperature 
are among the well-defined cnttcal factors for tnducing virulence ac.tv.ty m 
ZlaL. ,e.,. Altmorbe e. ... Mol. P.ant-Mtcrobe. Interac. 2^30, ,9S ; Fullner 
IS al Science 273: 1107. 1996; Fullner and Nester, J. Bacteriol. 178:1498.1996), 
15 al.. ^^^^ preconditioned by coculturing wtth wounded tobacco leaf 

extract (prepared according to methods known generally known ,n the an) to itrduce a h,gh 
level of expression of the A,ro,ac.enu. vi. genes. Prior to inoculation of plant sotnanc 
embryos, A,rol,.c.enu., cells ean be tteated with a tobacco extract prepared from 
20 would leaf tissues of tobacco plants grown vtVro, To achieve optitna sumulaoon o 
the expression of A.rotaceriu. genes by wound-induced metabolites and o h 
cellular facto... tobacco leaves can be wounded and pre-cultured overnight, CuUunng o 
bacteria in low pH medium and at low temperature can be used to funher enhance he 
bacteria vir gene expression and infecttvity. Preconditioning with tobacco extract and the 
25 vir genes involved in the T-DNA transfer process are generally known m the art, 

Agrobucenm, treated as described above is then cocultured wtth a plant 
ttssue explant. such as for example zygotic and/or somatic embryo tissue, Non-zygouc 
(,-,e.. somatic, or zygotic ttssues can be used. Any plant tissue may be used as a source o 
xplants. For example, cotyledons from seeds, young leaf tissue, root ussues. parts c 
30 stems including nodal explants. and tissues from pnmary somatic embryos such as the root 
axis may be used. Generally, young t.ssues are a preferred source of explants. 

The invention also relates to methods of altering the growth of a plant by 
expressing the polynucleotide of the invention, which as a result alters the growth of the 
plant. The polynucleotide used in the method may be a homologous polynucleot.de or a 
35 heterologous polynucleotide and are described in de.a.1 above. For example, both ful - 
length and UDP-glucose binding region containing fragments may be expressed^ 
Additionally, dependtng on the aim of the method, the polynucleotide may be .nttoduce 
into the plan, in the sense or ,„ the anttsense onentation. Any suttable promoter may be 
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used to prov.de expression. The promoter or a functional fragment thereof .s operatively 
linked to the polynucleotide. The promoter may be a constitutive promoter, a ussue- 
specific promoter or a development-specific plant promoter. Examples of suitable 
promoters are CauliHower Mosaic Vims 35S, 4CL, cellulose synthase promoter, PrCelAP 

and terminal flower promoter. 

The invention further relates to a method of altering the cellulose content ,n 
a plant by expressing the polynucleotide of the invention as descnbed above. The method 
may be used to increased the ratio of cellulose to lignin in the plant that have an exogenous 
polynucleotide of the invention introduced therein. 

The invention further relates to a method for altering expression of a 
cellulose synthase in a plant cell by introducing into the cell a vector comprising a 
polynucleotide of the invention and expressing the polynucleotide. The polynucleotides 

and promoters described above may be used. 

A method for causing stress-induced gene expression in a plant cell is also 
within the scope of the invention. The method comprises (i) introducing into the plant or a 
plant cell an expression cassette comprising a cellulose synthase promoter or a functional 
fragment thereof or providing a plant or a plant cell that comprises the expression cassette 
(The promoter of the cassette is operatively linked to a coding sequence of choice.); and 
(ii) applying mechanical stress to the plant to induce expression of the desired coding 
20 sequence. 

A method for determining a positive mechanical stress responsive element 
(MSRE) in a cellulose synthase promoter is also within the scope of the invention and 
comprises (i) making serial deletions in the cellulose synthase promoter, such as for 
example SEQ ID NO:3; (ii) introducing the deletion linked to a polynucleotide encoding a 

25 reporter sequence into a plant cell, and (iii) detecting a decrease in the amount of reporter 
in the plant after inducing a stress to the plant. Similarly, a method for determining a 
negative MSRE in a cellulose synthase promoter is provided. It comprises (i) making 
serial deletions in the cellulose synthase promoter, such as for example, SEQ ID NO:3; (n) 
introducing the deletion linked to a polynucleotide encoding a reporter sequence into a 

30 plant cell, and (iii) detecting an increase in the amount of reporter in the plant after 

inducing a stress to the plant. 

The following methods are also within the scope of the invention: a 
method for expressing cellulose synthase in a tissue-specific manner comprising 
transforming a plant with a tissue specific promoter operatively linked to a polynucleotide 
encoding a cellulose synthase; a method for inducing expression of a cellulose synthase in 
a plant comprising introducing into a plant a cDNA encoding a protein that binds to a 
positive MSRE of a cellulose synthase promoter, thereby resulting m increased expression 
of cellulose in the plant, wherein the binding to the positive MSRE results in expression of 
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a cellulose synthase; a method for reducing expression of a cellulose synthase compns.ng 
introducing into a plant a cDNA m an antisense onentation, wherein the cDNA in a sense 
onentation encodes a protein that binds to a positive MSRE and results in expression of a 
cellulose synthase; a method for increasing cellulose biosynthesis in a plant compnsing 

5 introducing into a plant a cDNA encoding a protein that binds to a positive MSRE of a 
cellulose synthase promoter, whereby binding of the protein to the positive MSRE results 
in expression of a cellulose synthase, and A method for reducing cellulose biosynthesis in 
a plant comprising introducing into a plant a cDNA m an antisense onentation, wherein 
the cDNA in a sense orientation encodes a protein that binds to a positive MSRE of a 

10 cellulose synthase promoter. 
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EXAMPLE 

Mnlpriilar cloning of cellulose svnthase 
This Example describes the first tree cellulose synthase cDNA (PiCelA, 
GenBank No. AF072131) cloned from developing secondary xylem of aspen trees using 
RSWl cDNA. 

Prior to the present invention, only partial clones of cellulose synthases 
from crop species and cotton GhCelA have been discovered, which have significant 
homology to each other. The present inventors have discovered and cloned a new full- 
length cellulose synthase cDNA, ArcuCelA (GenBank No. AF062485) (Fig. 7. [SEQ ID 
NO- 4]) from an Arabidopsis primary library. AraxCelA is a new member of cellulose 
synthase and shows 63-85% identity and 72-90% similarity in amino acid sequence with 
other Arabidopsis CelAmembeTS. , . u 

Another cellulose synthase was cloned in aspen using a P-labeled 1651-bp 
long EcoRI fragment of Arabidopsis CelA cDNA. which encodes a centrally located UDP- 
glucose binding domain, was used as a probe to screen about 500,000 pfu of a developing 
xylem cDNA library from aspen {Populus tremuloides) (Ge and Chiang, 1996). Four 
positive clones were obtained after three rounds of plaque purification. Sequencing the 3 
ends of these four cDNAs showed that they were identical clones. The longest cDNA 
clone was fully sequenced and determined to be a full-length cDNA having a 3232 bp 
nucleotide sequence (Fig. 1) [SEQ ID NO: 1], which encodes a protein of 978 amino acids 
[SEQ ID NO: 2]. 

rh^rarterizatio p of a cellulos p svnthase from aspen 
The first AUG codon of PtCelA was in the optimum context for initiation of 
transcription on the basis of optimal context sequence described by Joshi (1987a) and 
Joshi et al (1997). A putative polyadenylation signal (AATACA) was found 16 bp 
upstream of a polyadenylated tail of 28 bp, which is similar to the proposed plant structure 
(Joshi, 1987b). The 5' untranslated leader was deternuned to have 68 bp and the 3 
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u„,rans,a,=d TaUor was 227 bp. Bo.h of these rcg.ons have a typical '"»h observed in 
1, plan. ,enes (.osh,, >.S7a and Josh., 198Vh,. Th,s cDNA =.o-^'^^ ^ * 
amino acd sequence sin,ilan,y w.th cellulose synthase from cotton (C/,C.M,) a d 7 J 
vTth cellulose synthase from AraMopsis iRSW,). suggesttng that th.s pan.cular tree 
homolog also encodes a cellulose synthase. ,,n,7«na 
The full length cDNA was designated P,CelA. and encodes a 110.278 Da 
"'polype-p',^ haii^g an isoelectric point (pi) of 6.58 and 8 ^^-S'" 
hyd'oply curve indtcated that this particular cellulose synthase has e.gh. transmenrbr n 
Ling domains; two a. the amino terminal and six a, the carboxyl termtna . u.ng .he 
method of Hoffman and Stoffel (1993). This protein structure ,s analogous to those of 
RSWl and OhCelA. All of the conserved domains for UDP-glucose bind.ng. such as 
QVLRW and conserved D residues, are also present .n a cellulose syn. ase of he 
mvention. F,Ce,A (Brown e, 1996). Thus, based on -^"7;";;';; 
analyses i. was concluded that P,CelA encodes a catalyuc subuntt whtch, l.ke RSW, 
15 AraW»p.«. is essential for.the cellulose biosynthests machinery ,n aspen. 

In Sim localization of PtCelA mRNA transcnpts along the developmental 
gradient defined by stem primary and secondary growth demonstrated that cellulose 
fynthase expt^ssion is confined exclusively .0 developing xylem cells undergorng 
secondary wall thickening. This cell-.ype-spec.fic nature of P.CelA gene -P-.™ - 
20 also consistent with xylem-specific acttv.ty of cellulose synthase promoter (i-rC MP 
based on heterologous promoter-6-glucuK>nidase (GUS) fuston analysts. Overall, t 
results provide several lines of evidence that cellulose synthase is the gene prtmanly 
responsible for cellulose biosynthesis during secondary wall formatton m woody xylem o 
^Tsuch as aspen. Prevtous results by the inventors (Hu e, at.. .999) showed that 
25 cellulose and Hgnin are depostted in a cotnpensatot, fashton ,n wood. The " -very of a 
cellulose synthase in trees, such as aspen, permits the up-.gulation of the prot . 0 
elevate cellulose production. Surpnsingly. expression of CelA tn trees suppressed Itgntn 
biosynthesis to further improve wood properties of trees. 

Prp parptinn of tra n^tienic plants 
1„ The UDP-glucose binding sequence was subcloned into pBI121. which was 

used to prepare transgenic tobacco plants (Hu et al., 1998). The expresston of a 
heterologous UDP-glucose binding sequence resulted in a remarkable growth-accelera tng 
effect. ™s was surprising because current knowledge of the function of p an, cellulos^ 
synthases teaches that a UDP-glucose sequence must rematn tntac, with other functtonal 
35 La-ns in CelA, ..... the transmembrane domains, tn order for cellulose syntha. to 
initiate cellulose btosynthests. The remarkable growth and tremendous tncrease m plan 
biomass observed in transgenic tobacco was due likely to an augmented depostuon of 
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cellulose, ind.cat,ng that the UDP-glucose doma.n alone ,s sufficient for genet.c 
augmentation of cellulose biosynthesis in plants. 

^^^^^^^^^at^on^ of. novel cellulose synthase 

To confinn that the cDNA clone of Rg. 1 [SEQ ID NO: 1] was a cellulose 
synthase, genomic Southern blot analysis was performed under both high and low 
Lgency conditions using the cDNA. Genomic DNA from aspen was -^e— ^^^^^^^ 
(lane P) HindRl (lane H) and EcoRl (lane E), and probed usmg a Ikb P-labe ed 
IZ2 from the 5' end of a cellulose synthase of Fig. I. The Southern b|ot suggested 
the presence of a small family of cellulose synthase genes in aspen genome (Fig. 2. panels 
10 a and b). Repeated screening of the aspen xylem cDNA library with vanous plant C./A 
geneJated probes always resulted in the isolation of the same -nulose syn"^^ 
clone This suggested that the cellulose synthase cDNA cloned (Fig. 1) [SEQ K> NO. 1], 
represents the primary and most abundant cellulose synthase-encoding gene in developing 
xylem of trees, such as aspen, where active cellulose deposition takes place. It also 
15 indicates that manipulation of cellulose synthase gene expression can have a profound 
influence on cellulose biosynthesis in trees. 

In situ hybridization 
Nonhem blot analysis of total RNA from the intemodes of aspen seedling 
stems (F,g. 2. panel e) using the labeled probe (as described above) revealed the near 
20 absence of cellulose synthase transcripts in tissues undergoing primary growth (.memodes 
1 to 4) and that the presence of cellulose synthase transcnpts occurs during the secondary 
growth of stem Ussues (intemodes 5 to U). However, weak northern signals tn prtmary 
^owfl, may only suggest that cellulose synthase gene expression is spectfic to xylem, of 
which theie is little in primary growth tissue. 
,5 . ,v ^ ^ylogenests in higher plants offers a unique model that involves sequenual 

e'xecuti-on If cambium cell division, commttment to xylem cell f"^ 
culmtnation in xylem cell death (Fukuda, 1996). Although primary and --^ary lem 
cells originate from differem types of cambia, namely procambium and tnter/tntrafa cular 
cambium, both exhibit consptcuous secondary wall development with masstve ce lulose 
30 and lignin deposition (Esau, 1965). To futther investigate spatial and temporal cellu o e 
synth^ gene expression patterns a. the cellular level, in sin. hybridtzat.on was uset^ to 
Talize cellulose synthase mRNA along the developmental gradient deftned by stem 

Drimarv and secondary growth. 

Localizauon ;f cellulose synthase gene transcnpts (RNA) ,n stem a 
35 various growth stages was also observed. Fig. 3 shows transverse sections from 2 , 4th 
and 6- tntemodes hybr,d,zed with digoxygemn (DIG)-labeled cellulose synthase anusense 
or sense (control) RNA probes, as described. 
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PtCelA transcnpts were detected in young aspen stem sections by in situ 
hybriduat^on wUh transcnpts of h.ghly vanablc 5 ' region of PtCelA cDNA (a 77 1 bp long 
frUnt generated fro. P.I and 5.cl). Th.s reg.on was Hrst subcioned P as. 

vector pGEM,-3Zf (.) (Promega) for the production of d^goxygenm (DIG)- abeled 
, transcripts using T7 (for antisense transcnpts) and SP6 (for sense transcnpts) RNA 
p ylerse DIO syste.: Boehringer Mannbe,.). Probes were subjected to .Ud ai.abne 
rydrolys.s by ,ncubat,on . 100 mM NaHC03, pH 10.2 at 60 wh.ch produced 

approximately 200 bp fragments. , ■ ■„ (^M 

Aspen young stems were prepared for sectioning by ftxat,on m 4% (w/v) 
10 parafonnaldehyde m 100 mM phosphate buffer (pH 7.0) at 4 X overnight, dehydra^d 
through an ethanol series on Ke, and embedded tn Paraplast medium (Stgma). Ten ,m 
sections were mounted on Superfrost/plus (F,sher) sHdes at 42 overnight, dewaxed and 
then rehydrated through a descending ethanol series. The sect.ons were mcubated wUh 
proteinase K (10 .g/ml in 100 mM Tns-HCl, 50 mM EDTA. pH 7.5) for 30 min and we 
15 post-fixed with FAA. The sections were acetylated with 0.33% (v/v) acetic anhydnde m 
0 1 M triethanoIamine-HCl (pH 8.0) prior to hybridization. The sections were then 
incubated in a hybridization mixture (approximately 2 /^^^^ ^^^J':^ 
(v/v) fomiamide, 2 X SSPE, 10% (w/v) dextran sulfate, 125 Mg/ml tRNA. pH 7.5) at 45 C 
for 12-16 hrs. Nonhybridized single-stranded RNA probe was removed by t-tment -th 
20 20 ag/ml RNase A in TE buffer with 500 mM NaCl. The sections were washed at 50 C. 
Hybridized DIG-labelled probe was detected on sections using anti-digoxygemn antiserum 
at a 1:1500 dilution, as described in the manufacturer's instruction (DIG system: 
Boehringer Mannheim). Sections were examined by Eclipse 400 light microscope (Nikon) 
and photographed. 

,5 % , During the primary growth stage (Fig. 3, panels a and b), strong expression 

orcellurc^e-syn^e was found localized exclusively to primary xylem (PX) cells. At this 
stage young inten.6des are elongating, resulting in thickening of primary xylem cells 
through fonnation of secondary walls (Esau, 1968). The concurrence of shoot elongation 
with high expression of cellulose synthase strongly suggests the association of cellulose 
30 synthase protein with secondary cell wall cellulose synthesis. Later stages of pnmary 
gLth (Fig. 3, panel b) are characterized by the appearance of an orderiy alignment of 
pnmary xylem cells. Active cellulose biosynthesis accompanies cell elongation-induced 
wall thickening, as indicated^by the strong expression of cellulose synthase m these 
pnmary xylem cells.^ ^^^^^^^ ^^^^^^^^ ^^^^^^ ^^^^^ .^^^^^^^^ 

that expression of cellulose synthase is also exclusively localized to xylem cells (Fig^ 3 
panel c). Instead of elongation .n intemodes distal to the menstematic activity growth at 
this stage is mainly radial due to thickemng in secondary cell walls of secondary xylem. 
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A. .he same u™. =xpress,c„ of F,C.,A gene becomes ,oca„zed '^ '^^ — 
developing xylem cells ,SX in F,g. 3, pane. c). wh,ch .s aga,„ cons.sten, w„h .he ,d=a a^ 
P C ^encodes a secondary cell wall cellulose synthase. A, this stage, secondary xy.e. 
cells cover .he elongated and dtfferemtated primary xylem cells ,n wh.ch P.CelA gene 
cells cover 6 ui n=i„ 1 mml cl These results demonstra.e .hat 

5 expression is no longer detectable (Fig. 3, panel c). ,p„ir<;EOID 
expression of P.CelA gene is xylem-specific and the cellulose synthase of Fig. 1 (SEQ ID 
N,^. 11 encodes a cellulose synthase associated with cellulose biosynthesis in secondary 
walls of xylem cells. To further confinri xylem-specific expression of cellulose synthase, 
a cellulose synthase gene promoter sequence was cloned and charactenzed for regulatory 

10 activities. 

nu......r...u.. of ex orpssion regulated bv rH lnlos. s ynthase promote r 

A 5' 1 200 bp cDNA fragment of a cellulose synthase of Fig. 1 [SEQ LU 
NO- 1] was used as aprobe to screen an aspen genomic library for 5' regulatory sequences 
of a novel cellulose synthase gene, PrCelA. The library was constmcted by cloning aspen 

15 genomic DNA fragments, generated from an Sau3M partial-digest and sucrose gradient- 
Llected, into the Bamm site of a Lambda DASH H ^^^f^^^^^^^^ d"^;^^;^ 
Five positive clones were obtained from about 150,000 pfu and Lambda DNA was 
purified One clone having about a 20 kb DNA insert size was selected for restnction 
mapping and partial sequencing. This resulted in the identification of a 3' ~ 

20 of PtCelA gene of approximately 1 kb. This genomic fragment, designate ^^CelAPJ,.^ 
4) [SEQ ID NO- 3], contained about 800 bp of promoter sequence, 68 bp ot 5 ena 
untranslated region and 160 bp of coding sequence. To investigate regulation of tissue- 
specific cellulose synthase expression at the cellular level, promoter -^-^^V -- ^^'^^^^ 
in transgenic tobacco plants by histochemical staining of a GUS protein. A P^CelAP-GUS 

25 fusion binary vector was constmcted m pBI121 with the 35S promoter -placed 

PtCelAP [SEQ ID NO: 3] and introduced into tobacco {Nicotiana tabacum) as per Hu et 

Eleven independent transgenic lines harboring a CelAP-GUS fusion were 
generated Fig. 5 shows a histochemical analysis of GUS expression driven by a cellulose 
30 synthase promoter of the mvention in transgenic tobacco plants. Transverse sections from 
the 3rd (panel a), 5th (panel b), 7th (panel c). and 8th (panels d and f) inter^odes were 
stained from GUS activity, and fluorescence microscopy was used to visualize expression 

under UV radiation. . 

GUS staining was detected exclusively in xylem tissue of stems, roots and 
35 petioles. In stems, strong GUS activity was found localized to xylem cells undergoing 
primary (Fig. 5. panel a) and secondary growth (Fig. 5 panels b-d and f). GUS expression 
was confined to xylem cells in the pnmary growth stage and became more localized in 
developing secondary xylem cells dunng secondary growth. An entire section from the 
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8,h .memcde seamed for GUS aclvi.y (Fig. 5, panel 0- These resuUs are -ns.s.cm wUh 
,he in .ivo expression paHenrs of eellulose synthase in aspen stems. Ugnra 
autonnorescence was v.suahzed after UV radiat.on. Phioen. flbers, which are a so act. ve 
,„ cellulose and l.gnin btosynthesis (F,g. 5, panels d and e). d.d no, show GUS a .y^ 
5 suggesting that cellulose synthase gene expression ,s not associated w,.h cell lose 
hiosynthests ,n cell types other than xyletn. Exam.nat.on of GUS acvity ,„ roots ste^s 
leav s, anthers and fm.t also showed GUS express.on in xylem t,ssue o al, t es organs 
suggestmg that cellulose synthases of the Invention are xylem-spechc cellulose and 
expressed in all plant organs. 
,0 . ' Charactenzation of promoter activuy and cellular expression of a cellulose 
s;nthi;^'of the 'iWnt.on from one pantcular source (aspen) indicated hat expression 
produces a prote,>^^lat encodes a secondary cell wall-specific cellulose synthase and is 
specifically compartmentalized in developing xylem cells. Charactenzation of the 
cellulose synthase gen^romoter sequence not only confirms cell type-spec.fic expressio 
15 of cellulose synthase, buUlso provides a method for over-expressing cellulose synthase in 
a tissue-specific manner td^augment cellulose production in xylem. 

T^v prP.;«;inn of c^Hnlnse svnt h ase under tension stress 
As described earlier, a cellulose synthase promoter of the invention is 
involved in a novel gene regulatory phenomenon of cellulose synthase. To further 
20 charactenze a cellulose synthase of the invention, GUS express.on dnven by an aspen 
cellulose synthase promoter iPtCelAF) was observed in transgenic tobacco plants without 
or under tension stress. The stress was induced by bending and affixing t e plan s to 
n^aintain the bent position tying) over a 40 hour penod. Tangential and longitudinal 
sections were taken before bending, and 4 hrs, 20 hrs and 40 hrs after bending (panels a-d, 
25 respectively). ^^^^^^^^^ ^^^^^^^^ promoter-GC/S fusion binary constructs showed 
exclusive xylem-specific expression of GUS without any tension stress (Fig^6, panel a). 
However, under tension stress conditions endured by angiosperms in nature, the transgenic 
tobacco plants induced xylem and phloem-specific expression on the upper side of the 
30 stem within the first four hours of stress (Fig. 6, panel b). 

This observation was surprising because during tension wood development 
fibers produce highly crystalline cellulose in order to provide essential mechanical strength 
to a bending stem. The present observation was the first showing of transcnptional up- 
regulation of a cellulose synthase, mediated through a cellulose synthase promoter that is 
diLly responsible for development of highly crystalline cellulose in trees. Furthermore, 
after 20 hrs of tension stress, both xylem and phloem exhibited GUS express.on, but on y 
on the upper side of the stem that was under tensile stress, GUS 
lower side was .nhibited (Fig. 6, panel c). With extended stress (up to 40 hrs), GUS 
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expression was restncted to only one small region on the upper side of the stem where 
maximum tension stress was present (Fig. 6, panel d). Based on the observation of GUS 
signal in woody cells upon tension stress and the absence of GUS under compression or no 
stress It was concluded that a cellulose synthase promoter of the invention has mechanica 

5 stress' responsive elements (MSREs) that turn cellulose synthase genes on and off 
depending on the presence and type of stress to the stem. 

The results indicate that positive MSREs exist in a cellulose synthase 
promoter of the invention to bind transcnption factors in response to tension stress for 
regulating the expression of cellulose synthase and increasing biosynthesis of higher 

10 crystalline cellulose. This is evident based on the expression of GUS m xylem and phloem 
tissue at the upper side of the stem subjected to tension stress, but not when tissue on the 
lower side was subjected to compression or no stress. Furthermore, the tissue at the lower 
side of the stem, which was subjected to compression stress, showed no GVS expression 
; . expression was turned off. This indicated the presence of negative MSREs, which 

15 bind transcnption factors to turn off expression of cellulose synthase at the lower side of 
the stem. Negative MSREs likely suppress development of highly crystalline cellulose m 

normal wood. ^ 
These results provide a mechanism for genetically engineenng synthesis ot 

highly crystalline cellulose in juvenile wood for enhancing strength properties, and for 

20 synthesizing a higher percentage of cellulose in reaction wood. The positive MSREs and 

their cognate transcription factors are important in the synthesis of highly crystalline 

cellulose of high tensile strength, as are the negative MSREs and inhibition of cognate 

transcription factors thereto. The present invention thus provides a starting point for 

cloning cDNAs for the transcription factors that bind to positive and negative MSREs 

25 according to methods known in the art. Constitutive expression of cDNAs for positive 

MSRE transcription factors allows the continuous production of highly crystalhne 

cellulose in transgenic trees, while expression of antisense cDNAs for negative MSRE 

transcription factors inhibits those transcription factors so that cellulose synthase cannot 

turn off. This combination will assure continuous production of highly crystalhne 

30 cellulose in trees. 

r,.r..K\r engineering of rplUilose svnthRSP in transgenic plants 
As discussed above, the nucleotide sequence of a cellulose synthase of the 
invention eg., PtCelA cDNA from aspen, shows significant homology with other 
polynucleotides encoding cellulose synthase proteins that have been suggested as authentic 
35 cellulose synthase clones. To further characterize the activity of a cellulose synthase, four 
constructs were prepared m a PBI121 plasmid. 

1) A constitutive plant promoter Cauliflower mosaic Virus 35S was 
operatively linked to PtCelA (35SP-PtCelA-s) and overexpressed in transgenic plants. 
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This causes excess production of cellulose, resulting .n a reduction in lign.n content. 
Tobacco and aspen have been transformed with this construct. 

2) Cauliflower mosaic Virus 35S was operatively linked to antisense 
RNA from PtCelA (35S-PtCelA-a) and constitutively expressed to reduce production of 

5 cellulose and increase lignin content in transgenic plants. This negative control construct 
may not result in healthy plants since cellulose is essential for plant growth and 
development. Aspen plants have been transformed with this construct. 

3) Aspen 4CL-1 promoter (Hu et al, 1998) was operatively linked to 
PtCelA (Pt4CLP-PtCelA) (the 35S promoter of PBI121 was removed in this construct) and 

10 expressed in a tissue-specific manner in developing secondary xylem of transgenic aspen. 
This expression augments the native cellulose production and reduces hgnin content of 
angiosperm tissues. Tobacco and aspen have transformed with this construct. 

4) The cytoplasmic domain of PtCelA which contains three conserved 
regions thought to be involved in UDP-glucose binding during cellulose biosynthesis, was 

15 linked to a 35S promoter to produce binary constructs (35S-PtCelA UDP-glucose). 
Expression by this promoter permits constitutive expression of a UDP glucose binding 
domain of PtCelA in transgenic plants. Tobacco and aspen have been transformed with 
this construct. 

35S-GUS constructs (pBI121, ClonTech, CA) were used as controls for 
20 each experiment with the constructs. Transgenic tobacco plants were transformed with the 
constructs The following table shows the general growth measurements of the TO tobacco 
plants Plants carrying a PlCelA construct grew much faster than control plants carrying a 
pBI121 (control) construct. In comparing developmental 4CL and constitutive 35S 
promoter control of PtCelA expression, the 35S was more effective, permitting faster 
25 growth of transgenic tobacco plants. The fastest growth was seen m transgenic plants 
carrying a 35S promoter driven UDP-G domain from PtCelA. 

It is noted that TO generation plants can have carry over effects from their 
tissue culture treatments. Therefore, seeds were collected for testing this growth 
phenomenon in Tl generations. The transgenic tobacco plants were analyzed for presence 
30 of the transferred genes and all tested positive for the respective gene constructs. 
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Construct 



35S-GUS 



35S-PtCelA 



35S-UDPG 



TABLE 

Transgenic tobacco plant measurements 
after transfer in soil for about 1.5 months (N = 2) 



Height 



17 



77 



83 



Diameter 



0.5 



1.0 



1.0 



Internode length 



No. of leaves 



11 



13 



13 



Longest leaf 



17 



37 



37 



4CLP-PtCelA 



41 



0.8 



10 



Note: All values were measured in centimeters, excluding number of leaves. 

It will be appreciated by persons of ordinary skill in the art that the 
examples and preferred embodiments herem are illustrative, and that the invention may be 
practiced in a variety of embodiments which share the same inventive concept. 
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